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SUMMARY 
The labelling of a water-soluble synthetic polyelectrolyte, 
having anticoagulant activity, has been studied, The polyelectro- 
lyte is derived from cis-1,4-polyisoprene and contains N-sulfate 
and carboxylate groups. C 1251 I-Iodination of the polyelectrolyte, 
using the Chloramine-T method and an electrolytic method, resulted 
in a [1251]-labelled polyelectrolyte from which release of the 
label occurred. Resulfation of a partially desulfated polyelectro- 
lyte with a [ 35S]-sulfur trioxide trimethylamine complex resulted 
in a [35S1-labelled polyelectrolyte which showed no release of the 
label. 
INTRODUCTION 
In previous publications (1-7) we reported on the preparation 
of a water-soluble polyelectrolyte having anticoagulant activity 
(2-4,6,7). Thepolyelectrolyte is derived from cis-lI4-polyisoprene 
and contains the following structural units, apart from unreacted 
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isoprene units (5): 
1 r f CH2 - I I  C - C - CH2 I 1  
NH COONa 
CH3 S0 Na I t CH H CH = C - C - CH I CONH2 1 3 1  2 t 
L 
There is a resemblance to heparin because of the presence of N- 
sulfate and carboxylate groups in the structure. Moreover the poly- 
electrolyte acts, just like heparin, as an antithrombin (2) and the 
anticoagulant activity of heparin and the polyelectrolyte are re- 
lated to the molecular weight and the N-sulfate content (4, 6, 7). 
Heparin, as well as the polyelectrolyte can be linked ionically 
to polymer surfaces by means of an adsorptive coupling agent (e.g. 
tridodecylmethylammonium chloride (TDMAC)) (6, 8). 
Polymer surfaces, coated with the TDMA-polyelectrolyte complex 
showed reduced platelet adhesion, when exposed to freshly drawn 
human blood (9, 10). However, like the TDMA-heparin coating (ll), 
these coatings were not stable in plasma and phosphate buffered 
saline, and loss of polyelectrolyte from the surface occurred (6). 
The grafting of low molecular weight polyelectrolyte onto sili- 
cone rubber surfaces and the crosslinking of high molecular weight 
polyelectrolyte in the pores and near the surface of a polystyrene 
resin, using 6oCo gamma radiation, has been studied recently (12). 
The presence of polyelectrolyte on the surface could be shown 
with the dye Azur A. In vitro studies with human blood indicated 
that the coated surfaces showed less platelet adhesion than the 
uncoated ones. For optimization of the grafting conditions and 
for the study of the stability of the polyelectrolyte graft layer, 
it is necessary to know the amount of polyelectrolyte on the sur- 
face. The polyelectrolyte graft layer could not be detected by 
weighing, Attenuated Total Reflection spectroscopy (ATR) or by 
Energy Dispersive Analysis of X-rays (EDAX). Measuring the activity 
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of a radioactive label is a more sensitive detection method and 
therefore the presence of grafted polyelectrolyte might be studied 
using the compound in a radioactively labelled form. 
In this publication we report on the preparation of C12511- 
and C 35S1-labelled polyelectrolytes . Labelling of the polyelectro- 
lyte with 1251 was based upon the assumption that iodine can add 
to the carbon-carbon double bonds in the polyelectrolyte molecule. 
A solution of iodine in water is decolourized by the addition of 
polyelectrolyte, when a small excess of double bonds are available. 
Froehling (13) and Robinson and Lee (14) already reported on the 
labelling of unsaturated compounds by the addition of 1251 to the 
double bonds. 
Labelling of the polyelectrolyte with 35S is based upon a meth- 
od described by Lloyd et al. (15) for the labelling of heparin. N- 
Sulfate groups, which are present in heparin and the polyelectro- 
lyte, are not stable in an acidic medium and rupture of N-S bonds 
takes place (4, 6, 7). After partial desulfation, resulfation can 
be carried out with a C 35S1-sulfur trioxide trimethylamine complex. 
EXPERIMENTAL 
Materials 
Radiochegjcgis 
I: 12511-Sodium iodide (carrier free, in sodium hydroxide solution, 
pH 7-11 , 100 mCi/ml) and C 35S1-sulfur trioxide trimethylamine com- 
plex (35S03N(CH3) 3 )  (21 mCi/mmol ) , solid) were purchased from 
mersham International plc, Amersham (UK). 
PolYelectEalYtes 
Polyelectrolytes PLE-H and PLE-L were synthesized as has been de- 
scribed (1, 5 ) .  
The starting material for the synthesis of PLE-H was cis-lf4-poly- 
isoprene (Cariflex IR 307, Shell), with a molecular weight of 
1254 L .  C. SedereZ et  aZ. 
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fin = 240.000, ",/En = 5.3. 
tography (GPC)). For the synthesis of PLE-L cis-1,4-polyisoprene 
with a low molecular weight (En = 6.700, Mw/Mn = 1.1) was used. The 
polyelectrolytes were purified by dialysis against distilled water 
for three days, followed by freeze-drying of the solutions. For the 
dialysis of PLE-L solutions benzoylated dialysis tubing (Sigma D 
7884) was used and for the dialysis of solutions of PLE-H normal 
cellulose tubing (Cenco). 
(as determined by Gel Permeation Chroma- 
P a r t ~ a l l Y - d e s u l f a t e d - ~ g l Y g i ~ ~ ~ ~ ~ ~ Y ~ ~ p  
For the preparation of partially desulfated polyelectrolytes (PLE- 
Hd and PLE-Ld) portions of polyelectrolyte were brought into 0.1 M 
HC1 at 2OoC for 50 hours. Subsequently sodium hydroxide was added 
up to ph !^ 7, followed by dialysis of the solutions against dis- 
tilled water for three days. The reaction products were isolated 
by freeze-drying of the solutions. 
___------------- r 12511-labelled pgiye~gctgg~yttp 
The i 12511-labelled polyelectrolytes were obtained by iodination of 
the polyelectrolyte with 1251, using 5. the Chloramine-T method 
(16, 17), and b, an electrolytic method (18, 19). 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1. S1-labelled pgiyelectrolytgp 
The [ 35S1-labelled polyelectrolytes were prepared by resulfation of 
the amino groups of partially desulfated polyelectrolytes with a 
I S1-sulfur trioxide trimethylamine complex. 
200 mg of partially desulfated polyelectrolyte was dissolved in 4 
r n l  water and the solution was adjusted to pH = 9.5 by the addition 
of 1 M NaOH. Then the solution was heated to 5 5 O C ,  followed by the 
addition of 20 mg of sodium bicarbonate. Under vigorous stirring 
1-2 mg of [35Sl-sulfur trioxide trimethylamine complex (and some- 
times 18-19 mg of unlabelled complex) were added (molar ratio: 
total sulfur trioxide/amino groups 5 l), while the pH was kept con- 
stant at 9.5 by the addition of 1 M NaOH. The alkaline solution was 
kept at 55OC for 24 hours. After cooling to 2OoC 100 mg of sodium 
35 
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c h l o r i d e  was added t o  t h e  s o l u t i o n .  The p o l y e l e c t r o l y t e  was sepa- 
r a t e d  from low molecular  weight  compounds by d i a l y s i s  o r  by g e l  
f i l t r a t i o n .  
Methods 
RadioactivjtY -measuEeme?2ts 
For t h e  measurements of t h e  r a d i o a c t i v i t y  of t h e  [12511-label led 
compounds, two m i l l i l i t e r  samples w e r e  counted i n  a 3”x3” NaI ( T 1 )  
Well type  s c i n t i l l a t i o n  d e t e c t o r ,  coupled t o  a Tracor  Northern 
Econ I1 mult ichannel  ana lyse r .  
The samples,  con ta in ing  I 35Sl- labe l led  p roduc t s ,  w e r e  counted i n  a 
Packard Tr i ca rb  Model 2650  Liquid s c i n t i l l a t i o n  counter ,  us ing  10 m l  
of “Lumagel” s c i n t i l l a t i o n  medium and 1 m l  of l i q u i d  sample f o r  
each measurement. 
seParatioE-of -P”YelectrolY t e s _ f E o r n _ l o w _ m o l e c u l ~ ~ - ~ e j g ~ t - ~ ~ m ~ ~ ~ ? 2 ~ ~  
after-the-labell~ps-Erpcedure 
- a .  D i a l y s i s  
The p o l y e l e c t r o l y t e s  could be sepa ra t ed  from low molecular  
weight products  by d i a l y s i s .  For t h i s  purpose benzoylated d i a l y -  
s is  tub ing  (Sigma D 7 8 8 4 )  was used f o r  t h e  d i a l y s i s  of s o l u t i o n s  
of PLE-L and Visking d i a l y s i s  tub ing  (Servo) was used f o r  t h e  
d i a l y s i s  of s o l u t i o n s  of PLE-H. Before d i a l y s i s  t h e  tub ing  was 
t r e a t e d  wi th  an un labe l l ed  p o l y e l e c t r o l y t e  s o l u t i o n  ( c  = 10  mg/ 
m l )  t o  minimize t h e  adsorp t ion  of l a b e l l e d  p o l y e l e c t r o l y t e  t o  
t h e  membrane. 
The r e a c t i o n  mixtures  w e r e  d i a lyzed  a g a i n s t  250 ml of d i s t i l l e d  
water .  Af t e r  c e r t a i n  i n t e r v a l s  samples w e r e  t aken  from t h e  d i a l -  
y s a t e  f o r  r a d i o a c t i v i t y  measurements, immediately fol lowed by 
changing t h e  d i a l y s a t e .  A f t e r  d i a l y s i s  t h e  p u r i f i e d  s o l u t i o n s  
w e r e  t r a n s f e r r e d  t o  a vo lumetr ic  f l a s k  (10-100 r n l )  and f i l l e d  up 
wi th  water .  Also from t h i s  s o l u t i o n  a sample was taken  f o r  rad io-  
a c t i v i t y  measurements. The p o l y e l e c t r o l y t e s  w e r e  i s o l a t e d  by 
f reeze-dry ing  of t h e  s o l u t i o n s .  
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b. G e l  f i l t r a t i o n  
Sephadex G 2 5 ,  p r e v i o u s l y  s w o l l e n  i n  0 .05 P'I sodium phospha te  
b u f f e r  (pH = 7 . 5 )  o r  0 . 1 6  M sodium c h l o r i d e  s o l u t i o n ,  was used 
t o  p r e p a r e  a column ( 0 . 9  x 1 2  c m ) .  T o m i n i m i z e t h e  a d s o r p t i o n  of 
l a b e l l e d  p o l y e l e c t r o l y t e ,  t h e  column w a s  t r e a t e d  w i t h  u n l a b e l l e d  
p o l y e l e c t r o l y t e .  T h e r e f o r e  0 . 5  rr.1 of a s o l u t i o n  of 1 0 0  mg/ml 
p o l y e l e c t r o l y t e  i n  0 .05  M sodium phospha te  b u f f e r  was pas sed  
th rough  t h e  column. 
Samples of 2 0 - 2 0 0  p l  w e r e  a p p l i e d  t o  t h e  column, which w a s  t h e n  
e l u t e d  w i t h  0.05 M sodium phospha te  b u f f e r  o r  0 . 1 6  M sodium ch lo -  
r i d e ,  a t  a f low r a t e  of  2 5  m l / h r .  The e l u a t e  was c o l l e c t e d  i n  
0 . 5  m l  f r a c t i o n s  and t h e  r a d i o a c t i v i t y  i n  a l l  t h e  f r a c t i o n s  was 
measured. The r e c o v e r y  or' r a d i o a c t i v i t y ,  a p p l i e d  t o  t h e  column 
was 7 0 - 1 0 0 % .  
Thls-laYer-chrornatos~aPhY 
During and a f t e r  t h e  e l e c t r o l y t i c  i o d i n a t i o n ,  t h e  p e r c e n t a g e  of  
1251, bound t o  t h e  p o l y e l e c t r o l y t e  w a s  de t e rmined  by t h i n  l a y e r  
chromatography ( 19 ) . 
The p l a t e s  used w e r e  D .C .  A l u f o l i e n ,  C e l l u l o s e  F254, Merck no 5 5 7 4 1  
0025. Methanol was used as t h e  s o l v e n t .  
Th r omb I n  - LQLE 2 
f o r  t h e  d e t e r m i n a t i o n  of  t h e  a n t i c o a g u l a n t  a c t i v i t y  thrombin t i m e s  
of  c i t r a t e d  human plasma w e r e  measured,  a c c o r d i n g  t o  a m o d i f i c a t i o n  
of  t h e  method of  S t u d e r  and W i n t e r s t e i n  ( 2 0 ) .  The m o d i f i c a t i o n  of 
t h i s  method i s  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  ( 7 ) .  
RESULTS AND DISCUSSION 
I o d i n a t i o n  by t h e  Chloramine-T method 
I n  t h e  case of p r o t e i n s  and p o l y p e p t i d e s  l a b e l l i n g  i s  r e a d i l y  
accomplished by i o d i n a t i o n  w i t h  1251. The most w i d e l y  used  method 
of i o d i n a t i o n  i s  t h e  o x i d a t i o n  of h'a1251 by Chloramine-T i n  tfle 
p r e s e n c e  of a p r o t e i n .  O x i d a t i o n  of Na I by Ch1oramine-T l e a d s  125 
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t h e  p h e n o l i c  r i n g s  of t y r o s i n e  of t h e  p r o t e i n  ( 1 7 ) .  
Chloramine-T can  be used f o r  i o d i n a t i o n  i n  s u b s t i t u t i o n  a s  w e l l  
as i n  a d d i t i o n  r e a c t i o n s  ( 1 3 ) .  
Before i o d i n a t i o n  of  t h e  p o l y e l e c t r o l y t e s  w i t h  1251, r e a c t i o n s  w e r e  
c a r r i e d  o u t  w i t h  u n l a b e l l e d  r e a g e n t s .  The p o l y e l e c t r o l y t e s  were 
i s o l a t e d  a f t e r  d i a l y s i s  and i t  w a s  observed t h a t  t h e  a n t i c o a g u l a n t  
a c t i v i t y  ( thrombin t i m e )  had remained t h e  s a m e ,  i n d i c a t i n g  t h a t  
t h e  i o d i n a t i o n  r e a c t i o n  had no e f f e c t  on t h e  a c t i v i t y .  
I o d i n a t i o n  of t h e  p o l y e l e c t r o l y t e s  w i t h  1251 was c a r r i e d  o u t  
v a r y i n g  t h e  amount of p o l y e l e c t r o l y t e  and t h e  o x i d a t i o n  time. 
A s  a c o n t r o l  f o r  t h e  q u a l i t y  of t h e  r e a g e n t s  two i o d i n a t i o n  reac- 
t i o n s  w e r e  c a r r i e d  o u t  w i t h  albumin. A f t e r  i o d i n a t i o n  t h e  r e a c t i o n  
m i x t u r e s  w e r e  d i a l y z e d  and i t  w a s  found t h a t  n e i t h e r  t h e  concent ra -  
t i o n  and molecular  weight  of t h e  p o l y e l e c t r o l y t e ,  n o r  t h e  oxida-  
t i o n  t i m e  was of r e a l  importance f o r  t h e  l a b e l l i n g .  
A f t e r  d i a l y s i s  f o r  m o r e  t h a n  7 6  h o u r s  t h e  r a d i o a c t i v i t y  of t h e  
l a b e l l e d  albumin r e a c t i o n  m i x t u r e  i n  t h e  d i a l y s i s  bag remained 
c o n s t a n t  and a y i e l d  of about  50% w a s  found f o r  t h e  albumin 
l a b e l l i n g  procedure .  For  t h e  p o l y e l e c t r o l y t e s ,  however, t h e  
r a d i o a c t i v i t y  i n  t h e  d i a l y s i s  bag was s t i l l  d e c r e a s i n g ,  even 
a f t e r  d i a l y s i s  f o r  165 h o u r s .  T h i s  means t h a t  1251 was n o t  
f i r m l y  bound t o  t h e  p o l y e l e c t r o l y t e ,  g i v i n g  r i se  t o  a permanent 
release of 1251 from t h e  p o l y e l e c t r o l y t e .  I n  o r d e r  t o  o b t a i n  
more d a t a  about  t h e  s t a b i l i t y  of t h e  C12511-labelled poly-  
e l e c t r o l y t e s ,  r e a c t i o n  m i x t u r e s  w e r e  ana lyzed  by g e l  f i l t r a t i o n .  
S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  w i t h  PLE-L and w i t h  PLE-H. 
Also  t h e s e  exper iments  showed t h a t  i o d i n a t i o n  of t h e  p o l y e l e c t r o -  
l y t e s ,  u s i n g  t h e  Chloramine-T method, r e s u l t e d  i n  C12511-label- 
l e d  p o l y e l e c t r o l y t e s  from which r e l e a s e  of  t h e  l a b e l  o c c u r r e d .  
and I2 which s u b s t i t u t e  i n  
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Iodination by the electrolytic n.ethod 
The polyelectrolytes were also labelled by electrolytic iodination. 
The percentage of radioactivity, bound to the polyelectrolyte and 
determined by thin layer chromatography, was 6 9 . 8 %  after 1 . 5 ,  and 
7 9 . 9 %  after 5 hours of electrolysis, respectively. By dialysis and 
thin layer chromatography it was shown that the percentage of 
radioactivity in the polyelectrolytes decreased with time. 
A l s o  from these data it can be concluded that C12511-labelled 
polyelectrolytes were obtained to which 1251 was not stably bound, 
resulting in a release of lZ5I from the polyelectrolytes. 
Labelling with 35S 
Part of the N-S bonds in the N-sulfate groups were cleaved by reac- 
tion with H C 1 ,  leading to polyelectrolytes PLE-€id and PLE-Ld , 
spectively. Before the partially desulfated polyelectrolytes were 
labelled by reaction with a I 3 5 S  I-sulfur trioxide trimethylamine 
complex, resulfation was studied with unlabelled complex (reaction 
conditions for the preparation of the polyelectrolytes PLE-Hdr and 
PLE-L are shown in Table I). 
re- 
dr 
TABLE I Analytical data of modified polyelectrolytes 
PLE-H 8.13 3 . 8 4  2 . 6 1  0 . 6 8  - - 
PLE-Hd 8 . 3 4  4 . 2 0  2 . 1 4  0 . 5 1  0 . 7 1 *  7 5 . 0 °  
PLE-Hdr 8 . 0 2  4 . 0 4  2 . 1 4  0 . 5 3  0 . 6 1  7 7 . 9  
PLE-L 7 . 8 0  3 . 7 1  2 . 8 9  0 . 7 8  - - 
PLE-Ld 7 . 7 9  4 . 1 9  2 . 3 1  0 . 5 5  0 . 9 6  7 0 . 5  
PLE-Ldr 7 . 6 8  4 . 0 4  2 . 3 1  0 . 5 7  0 . 8 5  7 3 . 1  
* ( 0 . 6 8  - 0 . 5 1 )  x 4.20 ( 0 . 5 1 / 0 . 6 8 )  x 1 0 0 % .  
A s  calculated from elemental analysis the C/N ratios were about the 
same in the H-series as well as in the L-series, indicating that 
C-N bonds had not been broken during the reaction. It can also 
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be seen that in the partial desulfation of polyelectrolytes 
PLE-H and PLE-L about 25% and 29% of the N-S bonds were broken, re- 
spectively, leading to a decrease in the anticoagulant activity 
(Table 11). 
TABLE I1 Anticoagulant activity of the polyelectrolytes 
~ ~~ ~ ~ ~~ 
Thrombin time Number of experiments S.D. 
( S )  (n) (S) 
PLE-H 18.9 8 0.8 
Polyelectrolyte 
PLE-Hd 14.0 8 0.2 
PLE-Hdr 16.5 8 0 . 4  
PLE-L 18.1 8 0 . 1  
PLE-Ld 15.5 8 0.6 
PLE-Ldr 16.1 8 0.4 
Resulfation of the NH2 groups of the polyelectrolytes PLE-Hd and 
PLE-Ld, using about an equimolar amount of sulfur trioxide tri- 
methylamine complex, occurred to a small extent only (Table I). 
Partial resulfation resulted inaslight increase in the anticoagu- 
lant activity (Table 111, as was expected ( 4 , 6 , 7 ) .  
The differences between the values, mentioned in Table 11, are 
statistically significant (p < 0 . 0 5 ) .  
In Table I11 t-he reaction conditions of the resulfation experiments 
are given. One (blank) experiment was carried out without polyelec- 
trolyte. 
After resulfation the polyelectrolytes were separated from low mole- 
cular weight compounds by dialysis (Figure 1) or by gel filtration 
(Figure 2). 
Dialysis of the reaction mixture without polyelectrolyte indicates, 
that removal of the low molecular weight compounds is quite effec- 
tive. Resulfation of the partially desulfated polyelectrolytes PLE- 
Hd and PLE-Ld with C 35S1-sulfur trioxide trimethylamine complex re- 
sulted in the formation of [ 35S1-labelled polyelectrolytes with 
stably incorporated label (Figure 1). The yield of the labelling 
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TABLE 111 Reaction conditions for the resulfation experiments 
~ ~ ~~ ~ 
Amount of labelled Radioactivity in dialysis 
(mg) ( %  of the initial value) 
Amount + unlabelled complex bag after 140 hrs of dialysis PLE (mg) 
- 0 l o  1.4 
* *  - PLE-Hd 200 20 * 
PLE-Ld 200 20* - 
200  l o  13.5 
200  2 0  1 4 . 7  
0 0  
200 l o  8 . 7  
200  20  9 .9  
* only unlabelled complex 
’ only labelled complex 
* *  preparation of PLE-Hdr 
preparation of PLE-Ldr 
0 0  
F I G U R E  1 
7 
160 
Radioactivity in dialysis bag as a function of time f o r  the 
dialysis of a mixture of [35S1-Zabelled polyelectrolyte and 
C S]-containing low molecular weight compounds. 35 
200 m g  PLE-Hd + about 1 mg of [35S1-suZfur trioxide tri- 
4 200 mg PLE-Ld + about 1 mg of C35S1-suZfur trioxide tri- 
A blank experiment (without potyelectro Zytel . 
metkyZamine complex + 1 9  mg of unlabelled complex. 
methytamine complex + 1 9  mg of unlabeZZed complex. 
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procedure was 
stability of the C 35S1-labelled polyelectrolytes was also examined 
by gel filtration. The elution pattern for a reaction mixture ap- 
plied to the column immediately after resulfation is shown in 
about 14% for PLE-Hd and about 9% for PLE-Ld. The 
Figure 6. 
1 
200 mg  PLE-Hd  + a b o u t  
I mg of ~ ' ~ ~ l - s u ~ f u r  
t r i o x i d e  t r i m e t h y z a m i n e  
complex  + 1 9  mg  o f  un- 
l a b e l l e d  complex .  
b l a n k  e x p e r i m e n t  ( w i t h -  
o u t  p o l y e l e c t r o l y t e ) .  
Ca: f r a c t i o n s  6-10 
C b :  f r a c t i o n s  1 4 - 2 4  
- fraction nn 
FIGURE 2 
Gel f i l t r a t i o n  of a m i x t u r e  o f  [ 3 5 S 1 - l a b e l l e d  p o l y e l e c t r o l y t e  
and [ 3 5 S l - e o n t a i n i n g  l o w  m o l e c u l a r  w e i g h t  compounds,  u s i n g  a 
Sephadex  G . 2 5  co lumn 
Two peaks were found, corresponding with 1 35S1-labelled polyelec- 
trolyte (Ca) and with low molecular weight products containing 35S 
(Cb). The yield of the labelling procedure, expressed as: 
radioactivity in Ca 
radioactivity in (C +Cb) x 100% was 12.1%. a 
When samples of C 35S1-labelled polyelectrolyte (after dialysis or 
gel filtration) were applied to the column, only one peak was found 
corresponding with Ca, even after standing for more than 2 4  hours. 
When samples of the blank experiment (without polyelectrolyte) or 
samples of Cb were applied to the column, only one peak was found 
corresponding with Cb. 
From these results it can be concluded that partial desulfation of 
2262 L .  c. Sederel e t  a.t. 
the polyelectrolytes , followed by resulfation with a C 35Sl-sulfur 
trioxide trimethylamine complex, results in the formation of I 35Sl- 
labelled polyelectrolytes, which show no release of the label in 
aqueous solutions. 
The specific activity of the polyelectrolytes is about 0.2 Ci/mg, 
which is sufficiently high for the detection of a polyelectrolyte 
graft layer , containing C 35SI-labelled polyelectrolyte. 
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